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BACKGROUND OF THE INVENTION 



1. Field of the Invention 

5 

[0001] This invention is related to the field of microprocessors, and more 
particularly, to caching traces of at least partially decoded operations within a trace cache 
included in a microprocessor. 

10 2. Description of the Related Art 

[0002] Instructions processed in a microprocessor are encoded as a sequence of ones 
and zeros. For some processor architectures, instructions may be encoded with a fixed 
length, such as a certain number of bytes. For other architectures, such as the x86 

15 architecture, the length of instructions may vary. The x86 microprocessor architecture 
specifies a variable length instruction set (i.e., an instruction set in which various 
instructions are each specified by differing numbers of bytes). For example, the 80386 
and later versions of x86 microprocessors employ between 1 and 15 bytes to specify a 
particular instruction. Instructions have an opcode, which may be 1-2 bytes, and 

20 additional bytes may be added to specify addressing modes, operands, and additional 
details regarding the instruction to be executed. 

[0003] In some microprocessor architectures, each instruction may be decoded into 
one or more simpler operations prior to execution. Decoding an instruction may also 
25 involve accessing a register renaming map in order to determine the physical register 
with which each logical register in the instruction is associated and/or to allocate a 
physical register to store the result of the instruction. 

[0004] Instructions are fetched into the decode portion of a microprocessor based, in 
30 part, on branch predictions made within the processor. Li general, the bandwidth of the 
instruction fetch and decode portions of a microprocessor may determine whether the 
execution cores can be fiilly utilized during each execution cycle. Accordingly, it is 
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desirable to be able to provide enough bandwidth in the instruction fetch and decode 
portions of the microprocessor to kept the execution core as fully supplied with work as 
possible. 
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SUMMARY 



[0005] Various embodiments of methods and systems for identifying live 
within a trace of at least partially decoded operations are disclosed. In one embodiment, 
5 a microprocessor may include a trace cache and a trace generator. The trace cache 
includes several trace cache entries. Each trace cache entry is configured to store a trace 
that includes several operations. Each trace cache entry also stores a set of liveness 
indications that are each associated with a respective operation included in the trace. The 
operations in a given trace may be generated by at least partially decoding one or more 
10 instructions. The trace generator may be configured to generate the respective plurality 
of liveness indications for the operations stored in each trace cache entry. Each liveness 
indication identifies whether execution of its respective operation depends on branch 
operation stored within that trace cache entry. 

15 [0006] In some embodiments, each trace cache entry may include several operation 
storage locations each configured to store a single operation. A first portion of the 
operation storage locations may be dedicated to storage of data operations and a second 
portion of the operation storage locations may be dedicated to storage of memory 
operations. 

20 

[0007] The microprocessor may include a dispatch unit configured to dispatch 
operations. The dispatch unit may be configured to receive operations and the respective 
liveness indications associated with each of those operations fi'om the trace cache and to 
determine whether each operation included in the same trace cache entry is executable 
25 dependent on one or more current branch predictions and the liveness indication 
associated with that operation. The microprocessor may be configured to retire 
operations included in the same trace cache entry in response to all executable operations 
within that trace cache entry being ready for retirement. 

30 [0008] In some embodiments, the dispatch unit may selectively dispatch operations 
based on whether those operations are determined to be executable. In other 
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embodiments, the dispatch unit may be configured to dispatch each operation included in 
the same trace and to generate a signal indicating whether each operation is executable 
dependent on the liveness indication associated with that operation and the one or more 
current branch predictions. In such embodiments, each scheduler may be configured to 
5 store an indication of whether each dispatched operation is executable and to only issue 
executable operations to an execution core. If a branch operation resolves differently 
than predicted, the scheduler may be configured to update one or more indications 
associated within one or more operations (e.g., to indicate that those operations are now 
executable (live) or now not executable (dead)). 

10 

[0009] Each liveness indication may be specified as one of several Hveness 
encodings. Operations included within the same trace and having the same hveness 
encoding do not need to be stored in adjacent operation storage locations in many 
enibodiments. One liveness encoding may indicate that execution of a respective 

15 operation is not dependent on any branch operations included within the same trace as 
that operation. Another liveness encoding may indicate that execution of its respective 
operation is dependent on a first branch operation included within the same trace. Yet 
another liveness encoding may indicate that execution of its respective operation is 
dependent on two branch operations included within the same trace. In one embodiment, 

20 an operation storage location whose associated liveness indication indicates that an 
invalid operation is stored within may be used to store additional constant data (as 
opposed to operation information) for use with another valid operation included in the 
same trace. 

25 [0010] One embodiment of a method involves: at least partially decoding a plurality 
of instructions into a plurahty of operations; storing a trace of operations within a trace 
cache, where the trace of operations includes one or more operations that depend on a 
conditional branch operation also included in the trace; and generating a liveness 
indication for each operation included in the trace, where the liveness indication indicates 

30 whether execution of a respective operation depends on the outcome (e.g., taken or not 
taken) of the conditional branch operation. 

Atty. Dkt. No.: 5500-79600 Page 4 Meyertons, Hood, Kivliri, Kowert & Goetzel, P.C 



BRIEF DESCRIPTION OF THE DRAWINGS 



[0011] A better understanding of the present invention can be obtained when the 
following detailed description is considered in conjunction with the following drawings, 
5 in which: 

[0012] FIG. 1 shows one embodiment of a microprocessor. 

[0013] FIG. 2A illustrates an exemplary trace cache entry, according to one 
10 - embodiment. 

[0014] FIG. 2B is a table of liveness encodings that may be used to identify the 
liveness group in which each operation in a trace belongs, according to one embodiment. 

15 [0015] FIG. 2C illustrates an exemplary trace cache entry that includes liveness 
encodings, according to one embodiment. 

[0016] FIG. 3 is a flowchart illustrating a method of generating liveness encodings, 
according to one embodiment. 

20 

[0017] FIG. 4 is a flowchart of a method of using liveness encodings and branch 
predictions to determine which operations should be executed, according to one 
embodiment. 

25 [0018] FIG. 5 is a flowchart of a method of executing operations within a trace, 
according to one embodiment. 

[0019] FIG. 6 illustrates a microprocessor that includes a trace generator, according 
to one embodiment. 

30 



Atty. Dkt No.: 5500-79600 



Pages 



Mcyertons, Hood, Kivlin, Kowert & Goetzel, P.C. 



[0020] FIG. 7A illustrates an exemplary set of operations that include candidates for 
a constant propagation transformation, according to one embodiment. 

[0021] FIG. 7B illustrates the operations of FIG. 7A after performance of a constant 
5 propagation transformation, according to one embodiment. 

[0022] FIG. 8 A shows one or more operations that are candidates for move renaming 
transformations, according to one embodiment. 

10 [0023] FIG. 8B illustrates the operations of FIG. 8A after performance of a move 
renaming transformation, according to one embodiment. 

[0024] FIG. 9A illustrates another example of candidates for move renaming 
transformations, according to one embodiment. 

15 

[0025] FIG. 9B shows the operations of FIG. 9A after performance of a move 
renaming transformation, according to one embodiment. 

[0026] FIG. lOA illustrates one example of operations that are candidates for dead 
20 operation elimination transformation, according to one embodiment. 

[0027] FIGs. lOB-lOD respectively illustrate the operations of FIG. IDA after 
successive performance of various transformations, according to one embodiment. 

25 [0028] FIG. IIA illustrates exemplary operations that are candidates for branch 
folding transformations, according to one embodiment. 

[0029] FIG. IIB shows the operations of FIG. IIA after performance of a branch 
folding transformation, according to one embodiment. 

30 
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[0030] FIG. 12 illustrates one embodiment, of a method of generating a trace for 
storage within a trace cache entry. 



[0031] FIG. ISA illustrates how one or more microcoded instructions may be 
5 included within' an instruction stream received by a microprocessor, according to one 
embodiment. 

[0032] FIG. 13B illustrates the traces that may be generated from the instruction 
stream of FIG. 13 A, according to one embodiment. 

10 

[0033] FIG. 13C shows a microcode unit, according to one embodiment. 

[0034] FIG. 14 is a flowchart of one embodiment of a method of processing a group 
of instructions that includes a microcoded instruction. 

15 

[0035] FIG. 15 shows one embodiment of a computer system. 
[0036] FIG. 16 shows another embodiment of a computer system. 

20 [0037] While the invention is susceptible to various modifications and altemative 
forms, specific embodiments thereof are shown by way of example in the drawings and 
will herein be described in detail. It should be understood, however, that the drawings 
and detailed description thereto are not intended to limit the invention to the particular 
form disclosed, but on the contrary, the intention is to cover all modifications, 

25 equivalents, and alternatives falling within the spirit and scope of the present invention as . 
defined by the appended claims. Note, the headings are for organizational purposes only 
and are not meant to be used to limit or interpret the description or claims. Furthermore, 
note that the word "may" is used throughout this application in a permissive sense (i.e., 
having the potential to, being able to), not a mandatory sense (i.e., must). The term 

30 "include" and derivations thereof mean "including, but not limited to." The term 
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'connected" means "directly or indirectly, connected," and the term "coupled" means 
'directly or indirectly coupled." 
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DETAILED DESCRIPTION OF EMBODIMENTS 



[0038] FIG. 1 is a block diagram of logical components included in one embodiment 
of a microprocessor 100. Microprocessor 100 is configured to execute instructions stored 
5 in a system memory 200. Many of these instructions operate on data stored in system 
memory 200. Note that system memory 200 may be physically distributed throughout a 
computer system and may be accessed by one or more microprocessors 100. In some 
embodiments, the microprocessor 100 may be designed to be compatible with the x86 
architecture. Note that microprocessor 100 may also include and/or be coupled to many 

10 other components in addition to those shown here. For example, additional levels of 
cache may be included (internal and/or external to microprocessor 100) between 
microprocessor 100 and system memory 200. Similarly, microprocessor 100 may 
include a memory controller configured to .control system memory 200 in some 
embodiments. Additionally, the interconnections between logical components may vary 

15 between embodiments. 

[0039] Microprocessor 100 may include an instruction cache 106 and a data cache 
128. Microprocessor 100 may include a fetch unit 108 coupled to the system memory 
200. Fetch unit 108 may prefetch instruction code from the system memory 200 for 

20 storage within instruction cache 106. In one embodiment, fetch unit 108 may be 
configured to burst code from the system memory 200 into instruction cache 106. Fetch 
unit 108 may employ a variety of specific code prefetching techniques and algorithms. 
Fetch unit 108 may also fetch instructions from instruction cache 106 and traces from 
trace cache 160 into dispatch unit 104. Instructions may be fetched from instruction 

25 cache 106 in response to a given instruction address missing in trace cache 160. 
Likewise, instructions may be fetched from system memory 200 in response to a given 
address missing in instruction cache 106. 

[0040] A dispatch unit 104 may be configured to receive instructions from instruction 
30 cache 106 and to receive decoded and/or partially decoded operations from trace cache 
160. The dispatch unit 104 may include a decode unit 140 to decode instructions 
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received from instruction cache 106 into component operations. The dispatch unit 104 
may also include a microcode unit 150 for use when handling microcoded instructions. 
Operations from the decode unit 140, microcode unit 150, or trace cache 160 may be 
provided to a register map 134 via multiplexer 136. 

5 

[0041] As used herein, the term "instruction" is used to describe non-decoded 
instructions fetched from instruction cache 106. For example, an instruction may be an 
x86 instruction. "Operation" refers to a decoded instruction (e.g., a macroOP) that is in a 
format executable within the processor. A decode unit 140 may be used to decode each 
10 instruction fetched from instruction cache 106 into one or more less complex operations. 
Note that in some embodiments, instructions and operations may be substantially the 
same. 

[0042] The dispatch unit 104 is configured to dispatch operations to scheduler(s) 118, 
15 One or more schedulers 118 may be coupled to receive dispatched operations from 

dispatch unit 104 and to issue operations to one or more execution cores 124. Execution 

core(s) 124 may include a load/store unit 126 configured to perform accesses to data 

cache 128, Results generated by execution core(s) 124 may be output to a result bus 130. 

These results may be used as operand values for subsequently issued instructions and/or 
20 stored to register file 116. A retire queue 102 may be coupled to scheduler(s) 118 and 

dispatch unit 104. The retire queue may be configured to determine when each issued 

operation may be retired. 

[0043] Instruction cache 106 may temporarily store instructions prior to their receipt 
25 by dispatch unit 104. Instruction code may be provided to instruction cache 106 by 
prefetching code from the system memory 200 through fetch unit 108. Instruction cache 
106 may be implemented in various configurations (e.g., set-associative, fiiUy- 
associative, or direct-mapped). 

30 [0044] Dispatch unit 104 may output signals including bit-encoded operations 
executable by the execution core(s) 124 as well as operand address information, 
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immediate data and/or displacement data. Decode unit 140 may be used to decode 
certain instructions into one or more operations executable within execution core(s) 124. 
Simple instructions may correspond to a single operation. More complex instructions 
may correspond to multiple operations. Upon receiving an operation that involves the 
5 update of a register, the dispatch unit 104 may reserve a register location within register 
file 1 16 to store speculative register states (in an altemative embodiment, a reorder buffer 
may be used to store one or more speculative register states for each register). A register 
map 134 may translate logical register names of source and result operands to physical 
register names in order to facilitate register renaming. Register map 134 may track which 
1 0 registers within register file 1 1 6 are currently allocated and imallocated. 

[0045] Dispatch unit 104 may include a microcode unit 150. Microcode unit 150 
may handle microcoded instructions detected within the instruction stream input to 
dispatch unit 104. Microcode uiiit 150 may include and/or be coupled to a ROM (Read 

15 Only Memory) that stores microcode routines corresponding to each microcoded 
instruction. Decode unit 140 may handle microcode entry point generation. Different 
microcoded instructions may require differing numbers of microcode operations to effect 
their corresponding functions. Additionally, the number of microcode operations 
corresponding to a particular MROM instruction may vary according to the addressing 

20 mode of the instruction, the operand values, and/or the options included with the 
instruction. The microcode unit 150 may dispatch the microcode operations to one or 
more schedulers 118. The microcode operations are thereafter issued and executed in a 
similar fashion to other decoded operations. It is noted that the microcode operations 
may be defined within the instruction set, or may be customized for the particular 

25 microprocessor on which they are to execute. In some embodiments, microcode 
operations may be stored in microcode traces within a ROM. 

[0046] When operations are handled by dispatch unit 104, if a required operand is a 
register location, register address information may be routed to register map 134 (or a 
30 reorder buffer). For example, in the x86 architecture, there are eight 32-bit logical 
registers (e.g., EAX, EBX, ECX, EDX, EBP, ESI, EDI and ESP). Physical register file 
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116 (or a reorder buffer) includes storage for results that change the contents of these 
logical registers, allowing out of order execution. A physical register in register file 116 
may be allocated to store the result of each operation that modifies the contents of one of 
the logical registers. Therefore, at various points during execution of a particular 
5 program, register file 116 (or, in alternative embodiments, a reorder buffer) may have one 
or mbre registers that contain the speculatively executed contents of a given logical 
register. 

[0047] Register map 134 may assign a physical register to a particular logical register 
10 specified as a result operand for an operation. Register file 116 may have one or more 
previously allocated physical registers assigned to a logical register specified as a source 
operand in a given operation. The register map 134 may provide a tag for the physical 
register most recently assigned to that logical register. This tag may be used to access the 
operand's data value from the register file 116 or to receive the data value via result 
15 forwarding on the result bus 130. If the operand corresponds to a memory location, the 
^ operand value may be provided on the result bus (for result forwarding and/or storage in 
register file 116) through load/store unit 222. Operand data values may be provided to 
execution core(s) 124 when the operation is issued by one of the scheduler(s) 118. Note 
that in altemative embodiments, operand values may be provided to a corresponding 
20 scheduler 118 when an operation is dispatched (instead of being provided to a 
corresponding execution core 124 when the operation is issued). 

[0048] The microprocessor 100 of FIG. 1 supports out of order execution. A retire 
queue 102 (or, alternatively, a reorder buffer) may keep track of the original program 

25 sequence for register read and write operations, allow for speculative instruction 
execution and branch misprediction recovery, and facihtate precise exceptions. In many 
embodiments, retire queue 102 may fiinction similarly to a reorder buffer. However, 
unlike a typical reorder buffer, retire queue 102 may not provide any data value storage. 
In altemative embodiments, retire queue 102 may fiinction more like a reorder buffer and 

30 also support register renaming by providing data value storage for speculative register 
states. In some embodiments, retire queue 102 may be implemented in a first-in-first-out 
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configuration in which operations move to the "bottom" of the buffer as they are 
validated, thus making room for new entries at the "top" of the queue. As operations are 
retired, retire queue 102 may deallocate registers in register file 116 that are no longer 
needed to store speculative register states and provide signals to register map 134 
5 indicating which registers are currently free. By maintaining speculative register states 
within register file 1 16 (or, in altemative embodiments, within a reorder buffer) until the 
operations that generated those states are validated, the results of speculatively-executed 
operations along a mispredicted path rnay be invalidated in the register file 116 if a 
branch prediction is incorrect. 

10 

[0049] A basic block is a set of operations that begins just after a branch operation 
and ends with another branch operation, such that if any one of the operations in a basic 
block is executed, all of the operations in that basic block will be executed. Each trace 
may include operations that are part of several different basic blocks. Retire queue 102 
15 may provide signals identifying program traces to trace generator 1 70 (which may also be 
described as a fill unit). Trace generator 170 may store traces identified by retire queue 
102 into trace cache 160. The traces stored into trace cache 160 may include several 
• fully decoded or partially decoded operations. As used herein, a "trace" is a group of 
operations that are stored within a single trace cache entry in the trace cache 160. 

20 

[0050] Fetch unit 108 may fetch operations fi"om trace cache 160 into dispatch unit 
104. When operations are fetched fi:-om the trace cache (as opposed to when instructions 
are loaded from instruction cache 106), the decode unit 140 may be at least partially 
bypassed, resulting in a decreased number of dispatch cycles for the cached operations 
25 fetched from the trace cache 160. Accordingly, the trace cache 160 may allow the 
dispatch unit 104 to amortize the time taken to partially (or fiiUy) decode the cached 
operations in decode unit 140 over several execution iterations if traces are executed 
more than once. 

30 [0051] The recoded operations and immediate data provided at the outputs of 
dispatch unit 104 may be routed to one or more schedulers 118. Note that as used herein, 
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a scheduler is a device that detects when operations are ready for execution and issues 
ready operations to one or more execution units. For example, a reservation station is a 
scheduler. Each scheduler 118 may be capable of holding operation information (e.g., bit 
. encoded execution bits as well as operand values, operand tags, and/or immediate data) 
5 for several pending operations awaiting issue to an execution core 124. In some 
embodiments, each scheduler 118 may not provide operand value storage. Instead, each 
scheduler may monitor issued operations and results available in register file 1 16 in order 
to determine when operand values will be available to be read by execution core(s) 124 
(from register file 116 or result bus 130). In some embodiments, each scheduler 118 
10 may be associated with a dedicated execution core 124. In other embodiments, a single 
scheduler 118 may issue operations to more than one of the execution core(s) 124. 

[0052] Schedulers 118 may be provided to teniporarily store operation information 
prior to exectition of those operations by the execution core(s) 124. Additionally, each 

15 scheduler may store operation information for operations that have already been executed 
but may still reissue. Operations are issued to execution core(s) 124 for execution in 
response to the values of all required operand(s) being available at the time of execution. 
Accordingly, the order in which operations are executed may not be the same as the order 
of the original program instruction sequence. Operations that involve speculation may 

20 remain in scheduler(s) 118 until they become non-speculative so that they may be 
reissued if the speculation is incorrect. Operations may not be retired until it is known 
that the computed result is correct. 

[0053] In one embodiment, each of the execution core(s) 124 may include 
25 components configured to perform integer arithmetic operations of addition and 
subtraction, as well as shifts, rotates, logical operations, and branch operations. A 
floating point unit may also be included to accommodate floating point operations. One 
or more of the execution core(s) 124 may be configured to perform address generation for 
load and store memory operations to be performed by load/store unit 126. 

30 
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[0054] The execution core(s) 124 may also provide information regarding the 
execution of conditional branch instructions to branch prediction unit 132. If information 
from the execution core 124 indicates that a branch prediction is incorrect, the branch 
prediction unit 132 may flush instructions subsequent to the mispredicted branch that 
5 have entered the instruction processing pipeline and redirect fetch unit 108. The 
redirected fetch unit 108 may then begin fetching the correct set of instructions from 
instruction cache 106, trace cache 160, and/or system memory 200. In such situations, 
the results of instructions in the original program sequence that occurred after the 
mispredicted branch instruction are discarded, including those which were speculatively 
10 executed and temporarily stored in load/store unit 126 and/or register file 116. If the 
mispredicted operation is included in a trace read from trace cache 160, the branch 
prediction unit 132 may flush instructions subsequent to the mispredicted branch as 
described in more detail below. 

15 [0055] Results produced by components within execution core(s) 124 may be output 
on the result bus 130 to the register file 116 if a register value is being updated. If the 
contents of a memory location are being changed, the results produced within execution 
core(s) 124 may be provided to the load/store unit 126. 

20 [0056] Load/store unit 126 provides an interface between execution core(s) 124 and 
data cache 128. In one embodiment, load/store unit 126 may be configured with a 
load/store buffer with several storage locations for data and address information 
corresponding to pending loads or stores. The load/store unit 126 may also perform 
dependency checking for load instructions against pending store instructions to ensure 

25 that data coherency is maintained, 

[0057] Data cache 128 is a cache memory provided to temporarily store data being 
transferred between load/store unit 126 and the system memory 200. Like the instruction 
cache 106 described above, the data cache 128 may be implemented in a variety of 
30 specific memory configurations, including a set associative configuration. Additionally, 
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data cache 106 and instruction cache 128 may be implemented in a unified cache in some 
embodiments. 

Identification of Liveness Groups within a Trace 
5 [0058] Trace cache 160 shown in FIG. 1 includes several trace cache entries. Each 
trace cache entry may store a group of operations referred to as a trace. As used herein, a 
"trace" is a group of information that includes a unique label (such as tag 164 below) 
identifying the remaining information, several containers for semantic operations, several 
addresses identifying successor traces in the trace cache and/or instructions in the 

10 instruction cache, and flow control information. FIG. 2 A illustrates one embodiment of a 
trace. In the embodiment of FIG. 2A, a trace cache entry 162 may store up to eight 
decoded and/or partially decoded operations in operation storage units 166A-166H. 
Throughout this disclosure, drawing elements identified by the same reference numeral 
and a unique alphabetic identifier (e.g., operation storage units 166A-166H) may be 

15 { collectively referred to by that reference numeral alone (e.g., operation storage units 166). 
Note that other embodiments may include fewer or additional operation storage units 
166, allowing storage of a different number of operations within each trace cache entry 
162. 

20 [0059] Certain operation storage imits 166 within a trace cache entry 162 may be 
reserved for certain types of operations. For example, in one embodiment, operation 
storage units 166A-166D may be used to contain memory operations. Similarly, 
operation storage units 166E-166H may be used to contain data operations. Note that' 
other embodiments may associate certain types of operations with certain operation 

25 storage units differently (or not at all). Operations may be stored in operation storage 
imits 166 in such a way that the data flow order between operations in the same trace 
cache entry 162 is readily apparent from the register dependencies between operations. 

[0060] In addition to including several operation storage units 166, each trace cache 
30 entry 162 also includes an identifying tag 164 and flow control information 168. Tag 164 
may be similar to a tag in instruction cache 106, allowing fetch unit 108 to determine 



Atty. Dkt. No.: 5500-79600 



Page 16 



Meyertons, Hood, Kivlin, Kowert & Goetzel, P.C. 



whether a given operation hits or misses in trace cache 160. For example, tag 164 may 
include all or some of the address bits identifying an operation within the trace cache 
entry (e.g., the tag may include the address of the earliest operation, in program order, 
stored within that trace). Li some embodiments, the tag 164 may include enough 
5 information that multiple operations (or at least the first operation within each liveness 
group) may be independently addressable within a trace. For example, the tag 164 may 
provide a fetch address for the first operation, in program order, within each liveness 
group in the trace, allowing each different liveness group to be associated with a different 
fetch address. In other embodiments, only the first operation within a trace may be 
10 uniquely addressable. Thus, in some embodiments, a tag 164 may provide a means for 
associating multiple instructions with a single starting fetch address (e.g., the fetch 
address of the first operation, in program order, within the trace). 

[0061] In the illustrated embodiment, each trace may include up to two conditional 

15 branch operations. Other embodiments may include fewer or additional branch 
operations (conditional or unconditional) within each trace. Flow control information 
168 may include a target label for each conditional branch operation included within the 
trace. The target label may be an indication identifying the address to which control 
should transfer depending on the resolution (taken, not taken) of a respective conditional 

20 branch in the trace. Thus, each item of flow control information 168 may be associated 
with a particular conditional branch operation in the trace. For example, in one 
embodiment, one flow control information storage location within a trace may be • 
associated with the first conditional branch operation in the trace and the other flow 
control information storage location may be associated with the second conditional 

25 branch in the trace. Alternatively, the flow control information may include tags or other 
information identifying the branch operation with which that flow control information is 
associated. In yet other embodiments, a branch pirediction and/or information identifying 
which flow^ control information corresponds to a branch operation may be stored with 
that branch operation within operation storage 166. In addition to being obtained fi-om 

30 flow control information 168, successor addresses of instructions or traces to which 
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control should flow subsequent to execution of a group of operations in the trace may 
also be obtained from the top of the call/return stack and from the jump indirection table. 

[0062] Each operation 166 within a trace may have an associated liveness indication 
5 266, as shown in FIG. 2C. Liveness indications 266 provide a means of determining 
which operations in a given trace come before or after a particular conditional branch 
operation included in that trace. Each operation's liveness indication 266 may be stored 
with its associated operation in one of operation storage units 166. Liveness indications 
266 identify the liveness group in which each operation belongs. Each liveness group is a 

10 set of operations within the trace that are part of the same basic block. For example, the 
operations up to and including the first branch operation, in program order, within the 
trace may be included in one liveness group. Operations whose execution is dependent 
on the resolution of the first branch operation may be included in another liveness group. 
Thus, a liveness group is similar to a basic block in that operations in the same liveness 

15 group will either all be executed or all not be executed. A liveness group differs from a 
basic block in that operations in the same basic block may be included in different traces 
(e.g., some operations within the basic block may be included in the final liveness group 
within one trace and the remaining operations in that basic block may be included in the 
first liveness group in another trace). Thus, operations within the same liveness group are 

20 necessarily part of the same basic block, but operations within the sanie basic block may 
not necessarily be part of the same liveness group (i.e., if that basic block spans more 
than one trace cache entry). 

[0063] The liveness indications 266 identify each operation's program order relative 
25 to the branch operatipn(s) included in the same trace cache entry, Operations in a first 
liveness group are not dependent on the outcome of the first branch operation within the 
trace. Note that since execution of the first branch operation is not conditional, the first 
branch operation is part of the first liveness group. These operations in the first liveness 
group may be identified with a different liveness indication than is used to identify a 
30 second liveness group of operations that occur after the first branch operation. Similarly, 
instructions in a third liveness group that depend on the outcomes of both the first branch 
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operation and a second branch operation (i.e., the final operation included in the second 
liveness group) may be identified with yet another liveness indication. Liveness 
indications allow operations to be stored within a trace cache entry 162 in an order that 
differs from their program order while still allowing the program order (relative to the 
5 branch operations) of the operations to be determined. 

[0064] Additionally, liveness indications 266 allow dispatch unit 104 to predict 
which operations within a particular trace will be executed. Operations in the first 
liveness group (i.e., operations that are not dependent on the first conditional branch 

10 included in a trace) will always be executed (assuming any opierations at all within the 
trace execute). However, execution of operations in the second liveness group (i.e., 
operations that depend on the first conditional branch) depends on the outcome of the 
first conditional branch. For example, in embodiments where the trace generator 170 is 
included at the back-end of the processing pipeline of microprocessor 100, operations 

15 may be stored in traces according to the order in which those operations executed so that 
if the operations are subsequently executed again, they may be accessed from the trace 
cache instead of from the instruction cache. Thus, if the first conditional branch stored 
within the trace was taken the first time that branch executed, the operations stored in the 
second liveness group may be the operations that should be executed if the first 

20 conditional branch is taken. Accordingly, if the trace is later provided to dispatch unit 
104 and the current branch prediction for the first conditional branch is "not taken," the 
dispatch unit 104 may predict that the operations in the second liveness group should not 
be executed. The flow control information 168 associated with the first conditional 
branch operation may also be used to begin prefetching instructions or traces that should 

25 be executed ifthe first conditional branch is not taken. 

[0065] FIG. 2B shows exemplary liveness encodings that may be used in one 
embodiment. The first liveness encoding, "unconditionally live," may be used to identify 
the first (in prograni order) liveness group within the trace. Operations in this liveness 
30 group are unconditionally live in the sense that, if the trace is executed, these operations 
will always be executed. The first liveness group may include a conditional branch 
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operation as the final operation (in program order) within that hveness group. These 
operations are not dependent on any conditional branch operations included within the 
. same trace. In many embodiments, these operations may be stored in any order relative 
to each other within the trace. 

5 

[0066] The next llveness encoding, "subsequent to first branch" is used to identify the 
second (in program order) hveness group within the trace. These operations are 
dependent on the outcome of the first conditional branch operation, which is included in 
the previous liveness group. Note that if any operations within this liveness group are 
10 non-speculatively executed, all operations within this liveness group will be executed. 

[0067] The third liveness encoding, "subsequent to second branch" is used to identify 
the third (in program order) basic block within the trace. These operations are dependent 
on the outcome of both the first and the second conditional branch operations within the 

15 trace. Thus, these operations may not execute even if operations having the second 
liveness encoding execute. As above, if any operations within this liveness group are 
non-speculatively executed, all operations within this liveness group will be executed. 

[0068] The "unconditionally dead" liveness encoding may be used to identify an 
20 unused operation storage unit 166. Operation storage xmits 166 may be unused if more 
than the maximum number of conditional branch operations occur within a set of 
operations. For example, if up to eight operations can be stored in a trace and if only two 
conditional branch operations can be stored in a trace, then fewer than eight operations 
may be stored in a trace if a given set of eight operations includes three branch 
25 operations. Thus, if a maximum limit is placed on the number N of conditional branch 
operations that may be stored v^thin a trace, storage of the Nth conditional branch 
operation in the trace may end the trace. Furthermore, in some embodiments, if a certain 
operation is stored within a trace, subsequent operations (in program order) may not be 
stored within the trace, even if operation storage is available. For example, subroutine 
30 call operations may end a trace (e.g., so that the first operation within the subroutine may 
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be stored as the first operation within another trace, allowing the tag of that operation to 
be used as a trace tag). Similarly, subroutine return operations may end a trace. 

[0069] Additionally, in some embodiments, the presence of the "unconditionally 
5 dead" liveness encoding in an operation storage; unit may indicate that additional bits for 
use with another operation in the trace may be stored within that operation storage unit. 
This may allow reduced operation storage unit size in some embodiments. For example, 
in one. embodiment, the lower four operation storage units 166E-166H may be used to 
contain data operations. Each data operation storage unit 166E-166H may include 

10 storage for eight bits of immediate data. If a data operation included in the trace has 
more than eight bits of immediate data, the additional immediate data bits may be stored 
in one of the upper operation storage units 166A-166D. In one embodiment, operation 
storage units may be vertically linked (e.g., operation storage units 166 A and 166E may 
be linked and so on) such that if one of the upper operation storage units has an 

15 ' "unconditionally dead" liveness indication, it indicates that upper operation storage unit 
may be storing additional information for its linked lower operation storage unit. Note 
that "upper" and "lower" describe an illustrative relationship and do not necessarily 
describe a physical relationship between operation storage units. 

20 [0070] FIG. 2C illustrates how operations may be stored in an unordered fashion 
within a trace cache entry 162. Each operation's associated liveness indication 266 is 
encoded using one of the encodings of FIG: 2B. The exemplary arrangement of liveness 
indications illustrates how operations from different liveness groups may be stored 
adjacently within a trace cache entry 162. Thus, the hveness indications allow operations 

25 to be reordered and/or combined within a trace. This in turn may allow operations to .be 
stored within the trace more efficiently, such that more operations can be stored in a trace 
cache entry 162 of a given size than would be possible without the use of liveness 
indications. 

30 [0071] Looking back at FIG. 1, trace generator 170 may be configured to generate the 
appropriate liveness encoding for each operation and to store that liveness encoding 
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within the same operation storage unit 166 as the operation within a trace in trace cache 
160. Trace generator 170 may generate hveness encodings for each operation based on 
information about the outcome of each branch the first time each branch operation was 
executed. This information may be provided from retire queue 102. Additional 
5 information may be provided firom branch prediction unit 132 identifying the predicted 
outcome and/or the success of each prediction for each branch in one or more prior 
executions. 

[0072] FIG. 3 is a flow chart illustrating one embodiment of a method that may be 
10 used to generate the liveness encoding for each operation within a trace. If execution of 
the operation does not depend on the first conditional branch (i.e., if the operation occurs 
earlier than the first conditional branch in program order or if the operation is the first 
conditional branch), then the operation may be marked as an unconditionally hve 
r operation within the trace cache entry, as shown at 301 and 303. 
15 : 

[0073] If execution of the operation is dependent on the first conditional branch but 
not on the second conditional branch (if any) in the trace, then the operation may be 
identified as being dependent on the first conditional branch, as shown at 305 and 307. If 
the operation is dependent on both the first and the second conditional branches, the 
20 operation may be identified as being dependent on the second conditional branch, as 
indicated at 305 and 309. If more basic blocks may be stored within a trace, additional 
liveness indications (e.g., conditioned on the third conditional branch, etc.) may be 
generated and stored with the appropriate operations in the trace cache. 

25 [0074] Looking back at FIG 1, dispatch unit 104 may be configured to use the 
liveness indications 266 included in each operation storage unit 166 to determine which 
operations should be dispatched to scheduler(s) 118 for subsequent issue to execution 
core(s) 124 each time the operations included in a trace cache entry 162 are loaded into 
dispatch unit 104 fi-om trace cache 160. Dispatch unit 104 may use a current branch 

30 prediction firom branch prediction unit 132 for each branch operation included in the trace 
in conjunction with the liveness indications to determine which operations should be 
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dispatched for subsequent issue. Alternatively, dispatch unit 104 may dispatch each 
operation included in the trace but also identify each operation as being executable or not 
executable dependent on the liveness indication and current conditional branch 
prediction. In such embodiments, scheduler 118 may niaintain an indication as to 
5 whether each operation is executable within scheduler 118. Scheduler 118 may be 
configured to only issue operations that are identified as being executable to execution 
core 124. 

[0075] FIG. 4 illustrates one embodiment of a method of determining whether an 
: 10 operation included in a trace is executable. If the operation is unconditionally live (i.e., 
the operation is part of the first basic block within the trace), the operation may be 
identified as being executable and dispatched to the scheduler, as indicated at 401 and 
403. Additionally, in some embodiments, the operation may be marked within the 
scheduler as an operation to be executed. Marking the operation as executable may allow 

15 the scheduler to store both operations that are executable and operations that are not 
currently identified as executable (e.g., based on a current conditional branch prediction). 
In such an embodiment, the dispatch unit 104 may provide a signal to the scheduler 118 
when the operation is dispatched to indicate that the operation should be marked 
executable within the scheduler. Note that identifying an operation within a scheduler as 

20 executable, which is based on a conditional branch prediction, differs fi-om identifying an 
operation within the scheduler ready to issue, which is based on operand availability for 
that operation. 

[0076] If the operation is only dependent on the first conditional branch (as indicated 
25 by the operation's liveness indication) and the branch prediction for the first conditional 
branch operation indicates that the operation should be executed, the operation may be 
identified as being executable and dispatched to the scheduler, as shown at 405, 407, and 
409. As above, the operation may also be marked within the scheduler as being 
executable in some embodiments. If instead the branch prediction indicates that the 
30 operation should not be executed (e.g., if the current branch prediction differs from the 
predicted outcome of the first branch at the time the trace was created), the operation may 
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be identified as being non-executable, as indicated at 407 and 411. In one embodiment, 
. the dispatch unit may not dispatch an operation to the scheduler in response to identifying 
an operation as non-executable. In other embodiments, the dispatch unit may dispatch 
operations identified as non-executable but may also generate a signal indicating that the 
5. operation is non-executable when the operation is dispatched. In response to the signal, 
the scheduler may mark the operation as non-executable. 

[0077] If the operation is dependent on both the first conditional branch and the 
second conditional branch (as determined at 405 by examining the operation's liveness 

10 indication), the current branch predictions for the first and second conditional branches 
may be examined at 413 in order to determine whether the operation is executable. If 
both branch predictions indicate that the operation should be executed (e.g., the current 
branch predictions are the same as the branch predictions when the operation's trace was 
created), the operation may be identified as executable and dispatched to the scheduler, as 

15 indicated at 415. Dispatching the operation to the scheduler may, in some embodiments, 
. involve generating a signal indicating that the operation is executable so that the 
scheduler can mark the operation as being executable. . If the current branch predictions 
indicate that the operation should not be executed, the operation may be identified as 
being non-executable at 4 1 7 . 

20 

[0078] Retuming to FIG. 1, note in some embodiments, operations that dispatch unit 
104 identifies as non-executable based on one or more branch predictions and the 
operations' liveness indications may also be dispatched to scheduler(s) 118. However, 
these operations may be marked within the scheduler as being non-executable. 

25 Accordingly, entries within each scheduler 1 18 may each include storage for an 
"executable" indication that indicates whether the operation stored within that entry 
should be issued to one of execution core(s) 124 or not. Scheduler(s) 118 may be 
configured to store non-executable operations until all of the executable operations within 
that trace are retired. Operations within the same trace may also be identified within the 

30 scheduler. The scheduler 118 may be configured to retire the operations within a 
particular trace in response to all operations within that trace that are marked as being 
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executable having successfully executed. When the executable operations are retired, 
scheduler 118 may deallocate scheduler entries allocated to those operations. 
Additionally, scheduler 118 may also deallocate scheduler entries allocated to the 
operations within that trace that are identified as being non-executable. 

5 

[0079] If a branch prediction used to determine that a liveness group was non- 
executable turns out to be incorrect, the branch prediction unit 132 (or the scheduler 118 
itself) may update the executable indications within scheduler(s) 1 1 8 to indicate that the 
liveness group is now executable. Any operations executed or executing in the 

10 mispredicted path may be flushed from the processing pipeline and their results may be 
discarded. Since the operations in the correct path (e.g., any operations marked non- 
executable) may already be stored within scheduler 118, the scheduler may begin issuing 
those operations as soon as their executable indications are updated. Accordingly, branch 
misprediction recovery may take fewer cycles than if the operations in the correct path 

15 were fetched from trace cache 160 or instruction cache 106. 

[0080] FIG. 5 illustrates one embodiment of a method of using the executable 
indications to recover from a branch misprediction. If any branch within a dispatched 
trace is discovered to be mispredicted, as determined at 501, execution may be backed up 
20 to the point at which the misprediction was made, as shown at 503. If any operations 
within the same trace as the niispredicted branch instruction were identified as being not 
executable within the scheduler due to the misprediction, these operations may be 
relabeled as executable instructions, as indicated at 507. The relabeled instructions may 
then be issued for execution. 

25 

[0081] Once all of the operations marked executable within the trace have been 
executed, the operations may be retired, as indicated at 509-511. Any operations 
included in the trace that were identified as being not executable may be removed from 
the scheduler. If no branch mispredictions , were encountered during execution of the 
30 trace, the operations retired at 509 may be the same operations that were identified as 
being executable upon dispatch of the trace. If any branch mispredictions were 
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encountered at 501, the operations retired at 509 may include operations that were 
originally marked non-executable but updated at 507 in response to detection of the 
misprediction. 



5 [0082] Thus, in embodiments where all operations within a trace, whether determined 
to be executable or not at dispatch, are kept in the scheduler until all operations in the 
trace have executed, the operations along the correct path may already be stored inside 
the scheduler when a misprediction is detected. Accordingly, branch misprediction 
recovery time may be less than if operations along the correct path have to be fetched 
10 from the instruction cache. . 

[0083] Dispatch unit 104 may additionally use livehess groups to determine the 
physical register assignments to make for operations in the frace. For example, 
operations within the same liveness group may have the same register assignments for 

15 register renaming purposes (e.g., as the result of performing of slotification and/or other 
transfomiations on operations within that Hveness group). For example, if one operation 
stores a result to a Rl based on a calculation performed on Rl and R3, and if another 
operation in the same liveness group performs a calculation based on Rl, the same 
register assignment may be used for both occurrences of the Rl source operand. A 

20 different physical register may be assigned to store the result Rl generated by the first 
operation. An operation in the next liveness group in the trace that uses Rl as a source 
operand may use the same register assignment as was used for the result Rl calculated by 
the first operation in the previous liveness group. Thus, depending on the liveness group 
in which a particular operation is included, the dispatch unit 104 may determine which 

25 register assignments to perform for that operation. 

[0084] Liveness indications may also be used by a trace generator 170 to reduce 
ordering constraints between operations when those operations are stored in traces. For 
example, as discussed in more detail below, operations within the same liveness group 
30 may be reordered, combined, or even eliminated by performing transformations. 
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Transforming Operations Prior to Storage in Trace Cache 

[0085] FIG. 6 illustrates one embodiment of a microprocessor that includes a retire 
queue 102, a trace generator 170, and a trace cache 160. Trace generator 170 includes a 
pattern detector 174 and a transformation unit 172. Trace generator 170 may be 
5 configured to receive basic blocks of retired operations fi*om retire queue 102 and to store 
those basic blocks within traces in trace cache 160. Note that in alternative embodiments, 
trace generator 170 may be coupled to the front-end of the microprocessor (e.g., before or 
after the dispatch unit) and configured to generate traces from basic blocks detected 
within the pipeline at that point within the miproprocessor. 

10 

[0086] Pattem detector 174 is configured to detect operation and/or operand patterns 
within each basic block received by the trace generator 170. Many patterns involve two 
or more operations, and thus pattem detector 174 may operate by comparing operands, 
addressing information, and/or opcodes for several operations. Pattem detector 174 may 

15 be configured to detect multiple different patterns within groups of operations (e.g., 
within operations included in the same basic block) and to generate one or more signals 
identifying each detected pattem. Pattem detector 174 may also be configured to detect 
multiple different patterns across basic block boundaries by using and manipulating the 
liveness groupings. Transformation unit 172 may receive the signals fi-om pattem 

20 detector 174 and responsively perform one or more transformations on one or more 
operations. The transformed operatioii(s) may then be stored withiii a trace in trace cache 
160. 

(0087] Pattem detector 174 may be configured to detect a variety of different 
25 patterns. Accordingly, transformation unit 172 may also be configured to perform a 
variety of different transformations. For example, transformation xmit 172 may be 
configured to transform one or more operations in response to pattem detector 174 
detecting piattems identifying those operations as candidates for constant propagation. 
Similarly, pattem detector 174 may detect patterns identifying some operations as 
30 candidates for niove renaming transformations, dead operation elimination, branch 
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folding and/or other transformations. Transformation unit 172 may transform the 
operations accordingly , in response to detection of the respective patterns. 

[0088] The transformations performed on the operations in a trace by transformation 
5 unit 172 may be such that the transformed operations may issue earlier (e.g., the 
transformations may improve the dataflow between operations) and/or are stored more 
efficiently within a trace cache entry 162. For example, in embodiments that support 
instruction sets such as the x86 instruction set, in which many instructions are decoded 
into several component operations before dispatch, inefficiencies may arise between the 

10 component operations included within different instructions in the same basic block. 
. While these inefficiencies may be detected and compensated in dispatch unit 104, doing 
so may increase the number of pipeline stages and/pr increase the amount of tinie taken 
in the dispatch pipeline stage. Accordingly, it may be undesirable to perform many 
optimizations at that stage of the pipeUne. In contrast, in many embodiments the trace 

15 : cache generator 170 may be located at the back-end of the microprocessor pipeline. 
Taking more time to generate traces may not have a significant detrimental effect on the 
main processing pipeline. Accordingly, performing additional optimizations on 
operations within trace generator 170 may be more efficient and desirable than 
optimizing the operations at the fi-ont-end in the dispatch unit 104. 

20 

[0089] Note that many of the transformations may be performed on operations within 
the same basic block. For example, if instructions are decoded into several operations by 
dispatch unit 104, the pattern detector 174 may detect patterns within the operations 
included in the same basic block and even within operations that are components of the 
25 same instruction. This may allow the transformation unit 172 to perform optimizations 
that correct for inefficiencies that result when complicated instructions (such as x86 
instructions) are decoded into multiple operations. 

[0090] In many embodiments, a given set of operations within a trace may be 
30 transformed multiple times. For example, the first time the operations are input to the 
pattern detector 174, the pattern detector 174 may identify the operations as candidates 
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for constant propagation. In response, transformation unit 172 may transform the 
identified operations. The transformed operations and the other operations within the 
trace may then be re-input to pattern detector 174. As a result of the transformation, 
pattern detector 174 may detect additional patterns within the set of operations ^d 
5 responsiyely identify operations that are candidates for additional transformations (e.g., 
dead operation elimination). The operations within a trace may be stored in a final form 
within a trace cache entry if the operations are input to the pattern detector 174 and no 
operations are responsively identified as transformation candidates. In some 
embodiments, however, trace generator 170 may limit the number of times operations 
10 within a given trace can be transformed before being stored in final form within trace 
cache 160. Additionally, in some embodiments, pattern detector 174 may be configured 
to identify operations that are candidates for a series of transformations in a single pass 
through the pattern detector. 

15 [0091] FIG. 7 A illustrates how candidate operations for constant propagation 
transformations may be detected by pattern detector 174, according to one embodiment. 
A first addition or subtraction operation, ADD/SUB REGl, SRC, CONSTl, combines an 
operand SRC and a constant operand CONSTl and stores the result in REGl. Two 
succeeding operations, MEM [REGl + INDEX + DISP] and ADD/SUB REG2, REGl, 

20 CONST2, depend on the result stored in REGl, as indicated by the dataflow arrows. 
These three operations may be separated by several intervening operations in program 
order. However, these three operations may be included in the same basic block and/or 
stored within the same trace. 

25 [0092] The dependency of the second and third operations on the result of the first 
operation affects when the second and third operations may be issued to an execution 
core 124 relative to when the first operation may be issued. Here, since a source operand 
of the second and third operations will not be available until the first operation's result is 
output on result bus 130, the second and third operations may not be issued until the 

30 clock cycle in which the first operation's result is available. Accordingly, the second and 
third operations cannot be issued before the first operation. 
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[0093] When the operations are input to trace generator 170 (e.g., by retire queue 
102), pattern detector 174 may detect that one of the source operands CONST 1 for the 
first operation is a constant value. Pattern detector 174 may also detect the dependency 
5 of the second and third operations on the first operation by comparing the resuh operand 
identifier REGl of the first operation to the source operand identifiers of the second and 
third operations. Note that the pattern detector 174 may also compare the result operand 
identifier REGl to one or more other operations' source operand identifiers. In response 
to detecting these patterns, pattern detector 174 may generate one or more signals 
10 indicating that candidate operations for constant propagation have been detected and 
identifying the candidate operations, 

[0094] FIG. 7B shows how the candidate operations identified in FIG. 7 may be 
transformed by transformation unit 172, according to one embodiment. In response to 

15 the pattern detector detecting and identifying candidate operations for constant 
propagation transformation, transformation unit 172 may modify the second and third 
' operations that are dependent on REGl to instead depend on the sum of the source 
operands of the first operation, as shown in FIG. 7B. Thus, the source operand REGl has 
been replaced with a source operand SRC +/- CONSTl. Then CONSTl may be 

20 regrouped with DISP so that two constants can be reduced to one constant. The 
transformation unit 172 may select whether to add or subtract CONSTl fi:om SRC 
dependent on whether the first operation is an add or subtract operation. 

[0095] Once the second and third operations have been transformed as shown in FIG. 

25 7B, the dataflow graph is changed such that the second and third operations no longer 
depend on the result of the first operation. In other words, the dataflow depth of the 
second and third operations is reduced, allowing those operations to enter execution 
earlier. Accordingly, the second and third operations may be issued as soon as the first 
operation's operand SRC is available (e.g., on result bus 130 or in register file 116). 

30 Now, the transfomied second and third operations may be issued to an execution core 
without waiting for the first operation to be issued. One or both of the second and third 
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operations may even be issued before the first operation in some circumstances'. By 
transforming the operations in such a way that the dataflow graph contains fewer 
dependencies, potential stalls may be removed from the processing pipeline. 
Furthermore, the original ApD/SUB may become a candidate for dead operation 
5 elimination if a subsequent operation also writes REGl . 

[0096] Note that while the above example describes constant propagation in the 
context of addition, subtraction, and memory reference operations, constant propagation 
may be performed for other types of operations as well in many embodiments. 

10 

[0097] FIG. 8 A shows how pattern detector 174 may detect one or more operations 
that are candidates for move renaming transformations, according to one embodiment. 
Here, two operations, which may be separated by one or more intervening operations in 
program order, are related in that one of the source operands EAX of the second 

15 operation ADD EAX, EAX, 7 is dependent on the result of the first operation MOV 
EAX, ESI. Pattern detector 174 may detect that the first operation is a MOV operation 
that moves a value from one logical register ESI to another logical register EAX. Pattern 
detector 174 may also compare the source operands of the second operation to the result 
operand of the first operation. Pattern detector 174 may additionally detect that none of 

20 the intervening operations depend on the result of the first operation. In response to these 
detections, the pattern detector 174 may generate signals identifying the first and second 
operations as candidates for move renaming. 

[0098] FIG. 8B illustrates how transformation unit 172 may transform the second 
25 operation in response to the pattern detector 174 identifying the first and second 
operations as candidates for move renaming. The move renaming transformation 
replaces a source operand identifier that matches the result operand identifier of an earlier 
operation with a source operand identifier of the earlier operation. Since none of the 
intervening operations depend on the result of the MOV operation, the move renaming 
30 transformation eliminates the first operation and replaces the source operand EAX of the 
ADD operation with the source operation ESI of the move operation. Additionally, if any 
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of the operations between the MOV operation and the ADD operation depend on the 
value of EAX, those operations' source operand identifiers specifying EAX may be 
modified to instead identify ESI. 



5 [0099] The transformed ADD operation may be stored in a single operation storage 
location 166 within a trace cache entry 162, as opposed to the two operations storage 
locations that would be required to store both the MOV and the ADD. Accordingly, by 
performing move renaming transformations, trace size may be reduced and operations 
may be more' efficiently stored within the trace cache 160 (and within scheduler 118 if 
10 the trace is subsequently dispatched). Additionally, the transformed operation may be 
issued as soon as its operands are available. Prior to the transformation, issue of the 
second operation was dependent on the execution of the first operation. Accordingly, 
operation issue may also be improved by performing move renaming transformations. 

15 V [00100] FIG. 9 A illustrates another example of how pattern detector 174 may detect 
candidates for move renaming transformations, according to one embodiment. Here, the 
pattern detector 174 may identify three operations as candidates for move renaming based 
on the type of each operation and/or the result and/or source operands of each operation. 
The result operand EAX of a first operation, ADD EAX, EAX, ESI, provides one of the 

20 source operands for a second operation, MOV EDI, EAX. A third operation, ADD EAX, 
EBX, 2, destroys the result operand of the first operation by overwriting the logical 
register in which that result operand is stored. Pattern detector 174 may detect the 
relationship between the operands of each operation by comparing the result and source 
operand identifiers for each operation. Based on the same type of comparisons with other 

25 intervening operations, pattern detector 174 may determine that intervening operations (if 
any) between the second and third operation do not depend on the result of the second 
operation. In response to these detections, pattem detector 174 may generate signals 
identifying the three operations and indicating that the first and second operations are 
candidates for move renaming. Note that if any operations subsequent to ADD EAX, 

30 EAX, ESI and prior to MOV EDI, EAX depend on the value of EDI, the pattem detector 
174 may not identify these operations as candidates for move renaming. 



Atty. Dkt. No.: 5500-79600 



Page 32 



Meyertons, Hood, Kivlin, Kowert & Goelzel, P.C. 



[00101] FIG. 9B provides an example of how transformation unit 172 may perform a 
move renaming transformation on the first and second operations in response to the 
pattern detector 174 identifying those operations as move renaming candidates. Here, the 
5 move renaming operation combines the first and second operations by replacing the result 
operand identifier of the first operation w^ith the result operand identifier of the second 
operation. As a result, the ADD EDI, EAX, ESI operation effectively performs the move 
operation by directly storing the result of the ADD in EDI. Since no operations depend 
on the result value of the ADD being stored in EAX, this transformation does not disrupt 
10 any data dependencies and the second operation is no longer needed. Note that if any 
operations between ADD EAX, EAX, ESI and MOV EDI, EAX depend on the value of 
EAX, those operations' source operand identifiers specifying EAX may be modified to 
instead identify EDI. 

15 [0100] FIG. lOA illustrates one example of how pattem detector 174 may detect 
operations that are candidates for dead operation elimination transformation. Dead 
operation elimination removes operations whose results are no longer consumed by any 
other operations (as determined by examining a finite range of operations). In this 
example, a second subtract operation depends on the result of an earlier subtract 

20 operation. Both operations' operands are identified by the same operand identifiers. 
Operations like these often arise as a result of decoding several stack instructions (e.g., 
PUSH and POP instructions) that store or remove a value fi-om the stack and modify the 
value of the stack pointer SP by a constant displacement. The result of each individual 
subtract operation may be used in address generation for a corresponding MOV operation 

25 that stores or removes a value fi-om the stack dependent on the current value of SP. 
However, constant propagation transformations like the one described above may be 
performed on the MOV operations to remove the dependencies on the individual subtract 
operations. Due to the constant propagation transformations, the individual results of 
each subtract operation may no longer be needed by any operation other than the next 

30 subtraction operation (e.g., as determined by the pattem detector 174 examining the 
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source operand identifiers of a certain number of subsequent operations and/or detecting 
a subsequent operation that destroys the value of SP generated by the subtract operation). 



[01011 Note that the specific types of operation (e.g., ADD) shown herein are 
5 exemplary and that similar techniques may be used to identify candidates for move 
renaming among other types of operations. 

[0102] FIG. lOB-lOD illustrate exemplary transformations that may be performed on 
the operations identified as transformation candidates in FIG. I OA by transformation unit 

10 172. In FIG. lOB, a slotification transformation is performed on the two subtract 
operations. The slotification transformation replaces the result operand identifier of the 
fir?t operation and the source operand identifier of the second operation with a temporary 
operation identifier, temp. This explicitly identifies the dependency between the two 
operations while also distinguishing the various different values of the SP register in each 

15 operation. A slotification transformation may be performed in order to set up one or 
more additional transformations. 

[0103] FIG. IOC illustrates a constant' propagation transformation that may be 
performed in response to the slotification transformation of FIG. lOB. Here, the second 
20 subtraction operation's source operand, temp, is replaced with the source operand of the 
first operation, SP, modified by the constant displacement 4 (instead of being modified to 
SUB SP, (SP-4), 4, the transformed operation is SUB SP, SP, 8 in this example). By 
transforming the second operation, the second operation is no longer dependent on the 
first operation and may be issued before execution of the first operation. 

25 

[0104] FIG. lOD illustrates how a dead operation removal transformation' may be 
performed on the first operation subsequent to performance of the constant value 
propagation transformation of FIG. IOC. Assuming none of the intervening operations 
between the first and second operations of FIG. IOC depend on the value of temp 
30 generated by the first operation, the first operation's result is no longer consumed by 
another other operations once the second operation is transformed to no longer depend on 
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the first operation. Accordingly, the first operation may be removed without affecting the 
overall correctness of the operation stream. Pattern detector 174 may detect these 
conditions and notify transformation unit 172. Trarisformation unit 172 may remove the 
first operation in response to pattern detector 174 identifying the first operation as a 
5 candidate for dead operation removal. 

[01051 Note that the transformations illustrates in FIGs. lOB-lOD may be performed 
during one pass through the transformation unit 172 in some embodiments. Li other 
embodiments, each transformation may be performed in a different pass through the 
10 transformation generator 172. After each transformation, the operations in a trace, 
including the transformed operations, may be re-input to the pattern detector 174, which 
may in turn identify the transformed operations as candidates for the next transformation. 

[0106] FIG. IIA illustrates how pattern detector 174 may detect operations that are 
15 candidates for branch folding transformations. Branch folding transformations 
irrevocably join a conditional branch operation and the operation that generates the result 
on which the conditional branch is conditioned. In FIG. 1 1 A, a first operation Opl sets a 
value in a condition code register. A subsequent conditional branch operation, JNE 
(Jump if Not Equal) is conditioned on the value in the condition code register: 
20 Intervening operations do not affect the value of the condition code register on which the 
conditional branch operation depends. Pattern detector 174 may identify the two 
operations shown in FIG. IIA as caiididates for a branch folding transformation in 
response to identifying Opl as an operation that sets a condition code value (e.g., by 
examining Op I's opcode) and JNE as an operation that depends on the condition code 
25 value set by Opl (e.g., by examining the opcode for the JNE operation). 

[0107] FIG. IIB shows how transformation unit 173 may perform a branch folding 
transformation on the operations of FIG. 11 A. In response to the pattern detector 174 
identifying the operations as candidates for a branch folding transformation, the 
30 transformation unit 173 may encode the branch in the flow control information associated 
with OpTs liveness group within a trace cache entry. Note that the liveness grouping of 
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Opl uniquely denotes the recovery target label of the branch. Opl may then be identified 
as a branch operation. Since the two operations are combined into a single operation, 
more space is available within the trace cache entry to store other operations. 
Additionally, since the transformed operation may be dispatched and scheduled as a 
5 single operation, the operation may be processed more quickly. The transformed 
operation may also be executed in fewer cycles than the two separate operations could be 
executed. Note that any intervening operations that occur between Opl and JNE may be 
identified as being part of the same liveness group as Opl, since execution of those 
operations is not dependent on the outcome of the JNE operation. 

10 

[0108] FIG. 12 illustrates one embodiment of a method of generating a trace for 
storage within a trace cache entry. At 1201, the operations to be stored within a trace are 
examined to determine whether any pattems identifying operations as candidates for 
transformations are present. The operations may be examined by detecting certain 

15 opcodes and/or comparing various operand identifiers in one or more operations. If any 
pattems identifying one or more operations as transformation candidates are detected at 
1201, the operation(s) may be transformed and the transformed operations, if any, may be 
stored within a trace cache entry in a trace cache. Note that some transformations may 
effectively eliminate one or more operations, either by modifying other operations to 

20 include the functionality of the eliminated operation or by removing operations whose 
results are no longer consumed by any other operations within a finite range of operation. 

[0109] The transformations that are performed may often be performed on operations 
within the same basic block or liveness group. For example, the opportunity to perform 
25 these operations may arise due to complicated instructions being decoded into several 
less complex operations. The transformations may include transformations that combine, 
rearrange, and/or minimize the number and/or type of these operations. Note that 
transformations other than the exemplary transformations described above may be 
performed in other embodiments. 

30 
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[0110] Note that in many embodiments, various operations may be identified as 
candidates for various transformations at 1201. In other words, candidates for more than 
one type of transformation may be identified at substantially the same time. Similarly, 
more than one type of transformation may be performed at substantially the same time in 
5 some embodiments at 1203. Note that other embodiments may serialize the detection 
and/or transformation of operations. Additionally, in some embodiments, if one 
operation is a candidate for more than one type of transformation, the transformations 
may be applied sequentially to that operation. 

10 [0111] If the transformation provides room for more operations in the trace, as 
determined at 1205, the new set of operations to be stored in the trace may be examined 
for patterns at 120L Additionally, in some embodiments, the post-transformation set of 
operations may be reexamined to deterrnine whether the transformation has revealed 
- other patterns within the set of operations, even if the set of operations is still as large as 

15 it was prior to performance of the transformation at 1203. For example, iii one 
embodiment, a set of operations may be reexamined after each transformation until 
examining the operations detects no patterns. Once the operations to be stored within the 
trace are finalized, the operations may be stored within a trace at 1207. Functions 1201- 
1207 may then be repeated for another set of operations. 

20 . 

Microcode Traces 

[0112] FIG. 13A illustrates how one or more microcoded instructions may be 
included within the instruction stream received by dispatch unit 104. Here, a microcoded 
instruction is included between instructions 3 and 4. Non-microcoded instructions 1-6 
25 may be directly decoded into one or more component operations by decode unit 140. The 
operations may also be combined into one or more traces (e.g., after the operations are 
retired). In contrast, the microcoded instruction may require additional handling by a 
specialized microcode unit 150 in order to be decoded and/or executed. 

30 [0113] FIG. 13B illustrates the traces that may be generated fironi the instruction 
stream of FIG. 13 A. FIG. 13B also illustrates how the microcode operations 
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corresponding to the microcoded instruction of FIG. 13A may be implemented in a 
microcode trace. An alias table setup operation and a microcode subroutine call 
operation, CALL, are inserted into the execution stream after the operations decoded 
froni instruction 3 and before the operations decoded from instruction 4. A microcode 
5 subroutine call operation may include the same opcode as a non-microcode-subroutine 
call operation in many embodiments. For brevity, both types of operations are referred to 
herein as call operations. 

[0114] The call operation CALL identifies the entry point of a microcode subroutine 
10 , that includes the microcode operations used to implement the microcoded instruction of 
FIG. 13 A. The call operation is included as the final operation in the Trace 1. hi some 
embodiments, either or both of the microcode call operation and the alias table setup 
operation may be combined and/or eliminated when an associated trace is created for 
storage in the trace cache. For example, the microcode call operation may be combined 
15 . with the alias table setup operation and the target-label identifying the entry point of the 
microcode subroutine may be stored as part of the flow control information associated 
i with the trace in which the alias table setup operation is stored. Note that the microcode 
operations in the microcode subroutine are not stored within a trace within trace cache 
160. Instead, the microcode operations may be stored within a ROM included in and/or 
20 coupled to decode unit 150. 

[0115] UnHke in typical microcode entry point generation in prior art systems, the 
alias table setup operation is inserted into the execution stream. The alias table setup 
operation provides one or more register names from the original microcoded instruction 

25 for use as replacement register names within the microcode subroutine. In response to 
handling the alias table setup operation, the dispatch unit 104 may allocate an alias table 
to store the replacement register names for use within the microcode subroutine. In some 
embodiments, the alias table setup operation may also store one or more operands, 
constants, displacements, etc., into various hidden microprocessor storage useable by the 

30 microcode subroutine. 
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[0116] Execution of the call operation may push a return address (e.g., an address 
identifying the first operation in the second trace, as identified by a microcode return 
label) onto a stack (e.g., in a hidden microprocessor storage area) and transfer control to 
the microcode operations implementing the niicrocoded instruction. In this example, the 
5 return address is the address of Instruction 4. 

[0117] The microcode trace includes the microcode operations for the microcoded 
instruction of FIG. 13 A. The final operation in the microcode trace is a return operation, 
RET, that is used to retum control to the next instruction to be executed after the 
10 microcoded instruction. Execution of the retum operation pops a retum address from the 
stack in the hidden microprocessor storagie area. The retum address, saved when the call 
operation of Trace 1 is executed, identifies the next trace. Trace 2 (or the next instruction, 
Inst. 4), to be executed. 

15 [0118] Note that in sortie embodirnents, a microcode subroutine may include more 
than one microcode trace. In such embodiments, flow control information in each 
. microcode trace may identify the next microcode trace to be executed. The final 
operation of the final microcode trace may be the return operation used to identify the 
next trace in trace cache 160 (or the next instruction in instruction cache 106) to be 

20 ' executed, Altematively, some embodiments may not store microcode subroutines in 
trace format. . 

[0119] FIG. 13C shows one embodiment of a microcode unit 150. When a 
microcoded instruction is received by dispatch unit 104, the dispatch unit 104 may insert 

25 the appropriate niicrocode call operation and alias table setup operation into the execution 
stream. The decode unit 140 may then transfer control to the microcode unit. 150, 
allowing the microcode unit to dispatch the appropriate microcode operations included in 
the microcode subroutine. While the control transfer is taking place, the dispatch unit 
140 may setup an alias table with register name replacements in accordance with the alias 

30 table setup operation. 
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[0120] The dispatch unit 104 may access a lookup table each time a microcoded 
instruction is received to determine which tag corresponds to that microcoded instruction. 
The tag may identify the entry point of a microcode subroutine that includes the 
operations that implement the corresponding microcoded instruction. In one 
5 embodiment, the microcode subroutine may be stored in one or more microcode traces 
192 within a microcode trace cache 190 within the microcode unit 150. Accordingly, the 
tag may identify the first microcode trace within the microcode subroutine. The 
microcode unit 150 may include the tag in the call operation inserted into the operation 
stream. 

10 

[0l21] The microcode unit 150 may dispatch microcode operations included in the 
microcode subroutine in response to the decode unit 140 receiving the microcoded 
instruction. Prior to dispatching the microcode operations, the microcode unit 150 may 
modify the operations according to an alias table element 194. The alias table element 

15 A94 may include replacement register names for one or more of the microcode operations 
included in the microcode subroutine. An alias table element 194 may specify addressing 
registers such as destination, base, index, scale, displacement, and segment registers. The 
alias table may also store other register names identifying replacements that should be 
made within the microcode operations in the associated microcode subroutine. For 

20 example, the alias table may indicate an associated source register or immediate value 
and whether to return a condition code with the final result of the associated microcode 
subroutine. In some embodiments, the alias table inay function similarly to a register 
renaming map. Microcode may have access to registers not available to normal trace 
operations. 

25 

[0122] The tsffget label associated with the call operation is used to identify the 
microcode subroutine entry point. The target label may be stored in a trace within a trace 
cache 160. The alias table setup operatioh specifying the replacement register names 
may be stored in a trace in trace cache 160. If that trace is subsequently dispatched, 
30 dispatch of the operations in the trace may trigger the microcode unit 150 to setup the 
alias table element 194 for the associated microcode subroutine using the replacement 
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register names stored in the trace and to dispatch at least some of the microcode 
operations included in the microcode subroutine specified by the call operation. For 
example, when Trace 1 is input to dispatch unit 104, dispatch unit 104 may use one or 
more register names (e.g., included in the flow control information storage and/or in the 
5 same operatioii storage as the alias table setup operation) to set up an alias table. 

[0123] Each time an aUas table setup operation is received by dispatch unit 104, a 
new alias table element 194 may be allocated to store the values associated with the 
microcode trace call operation. If no alias table storage 194A-194C is available, dispatch 
10 of the call operation will stall until a currently-executing microcode trace completes 
execution and its corresponding alias table element is deallocated. Upon availability of 
an alias table element, the call operation may be dispatched. Note that while storage for 
three ahas table elements 194A-194C is shown in FIG. 13C, other embodiments may 
include storage for other numbers of alias table elements. 

15 

[0124] In response to dispatch unit 104 receiving a trace that includes a microcode 
subroutine call operation, the operations in the microcode subroutine identified by the 
call operation may be modified according to an associated alias table and dispatched to 
scheduler(s) 118. 

20 

[0125] As mentioned above, microcode operations may be stored in trace format in a 
trace 192. Like traces in trace cache 160, microcode traces may include one or more 
branch operations and one or more microcode operations whose execution is dependent 
on the outcome of a branch also included in the microcode trace. Accordingly, each 

25 microcode operation in a microcode trace may, in some embodiments, have ari associated 
liveness indication identifying the hveness group in which that microcode operation 
belongs. Inclusion of liveness indications may allow microcode operations to be stored 
out of order within the microcode trace. In other embodiments, operations may be stored 
in order within a microcode trace and thus the order of operations within the microcode 

30 trace may indicate which operations belong in which liveness group. 
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[0126] Microcode operations within a microcode trace may be selectively dispatched 
based on which liveness group they belong to and on current branch predictions 
associated with an earlier branch. For example, if a microcode operation is included in 
the second liveness group w^ithin a trace, dispatch of that microcode operation may 
5 depend on whether a branch prediction indicates that microcode operation will be 
executed. Alternatively, all operations within a microcode trace may be dispatched, but 
certain operations may be identified as being non-issuable (dead) based on a branch 
prediction and a liveness group indication, as described above. 

10 [0127] When a misprediction is detected for a branch included in a microcode 
subroutine, execution may be backed up to the point of the misprediction and microcode 
operations subsequent to the point of misprediction may be re-dispatched. If the 
rnicrocode operations within a pmticular liveness group within a trace were not 
dispatched (or, alternatively, were marlced as being non-issuable within a scheduler) 

15 based on a branch prediction that resolved incorrectly, those microcode operations may 
be dispatched (or marked executable within the scheduler) upon resolution of the branch 
operation on which they depend. If the microcode operations were not originally 
dispatched, the microcode operations may be output fi-om microcode trace cache, passed 
through the appropriate ahas table element, and/or passed through a register renaming 

20 map before being dispatched to scheduler 118. Note that in situations where the 
operations associated with a particular micfocoded instruction are included within more 
than one microcode trace, certain microcode traces may not be dispatched based on 
branch predictions made for branches included in other microcode traces. If all or part of 
such a microcode trace is subsequently dispatched due to a branch prediction being 

25 incorrect, operations within that microcode trance may be passed through the alias table 
prior to dispatch to scheduler 118. As these examples show, it may be desirable to keep 
an alias table allocated to a particular microcoded instruction until all dispatched and/or 
executable microcode operations associated with that microcoded instruction have 
successfully completed execution. In particular, it may be desirable to keep an alias table 

30 allocated until all branch predictions within an associated microcode subroutine have 
resolved successfully. 
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[0128] More than one alias table may be maintained in order to allow microcode 
operations for more than one microcoded instruction to be issued before the first 
microcoded instruction retires. By retaining the information in an alias table for each 
5 microcoded instruction, each set of microcode operations may recover from a branch 
misprediction within that set of rnicrocode operations. When all of the issued and/or 
executable microcode operations associated with a particular microcoded instruction 
complete execution successfully (e.g., when those operations commit within retire queue 
102), the alias table storing replacement values for those microcode operations may be 
10 deallocated, providing storage for replacement values for another set of microcode 
operations. 

[0129] FIG. 14 is a flowchart of one embodiment of a method of processing a group 
of instructions that includes a microcoded instruction. At 1401, a microcoded instruction 
j included in the instruction stream is replaced with a call operation that specifies the entry 
point of the microcode subroutine and/or with an alias table setup operation that specifies 
one or more register names to be included in an alias table for the microcode subroutine 
(note that in some embodiments, these two fimctions may be implemented by a single 
operation). The call operation may identify a tag of a microcode trace within a 
microcode trace cache. This identification may be performed by a lookup table, content- 
addressable memory, combinatorial logic or any other mechanism for identifying a tag 
corresponding to the microcoded instruction encoding. For example, microcode traces 
may be stored in a 3K entry ROM, A microcode unit may map a microcoded instruction 
encoding'to a 12-bit ROM address in the range 0x000 - OxBFF according to where the, 
beginning of the microcode routine for that microcoded instruction is located. 

[0130] At 1405, the call operation may be executed. Execution of the call operation 
pushes a retxmi address identifying the next instruction to be executed (after execution of 
the microcode subroutine) onto the CPU storage stack. The call operation used to initiate 
30 the microcode subroutine may be stored within a trace in a trace cache. The microcode 
operations included in the rnicrocode subroutine may not be stored in such a trace cache. 



15 



20 
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Instead, the microcode operations may be stored in an independent storage structure (e.g., 
in a microcode trace cache 1 90 implemented on a ROM). 

[0131] At 1403, the microcode operations included in the microcode subroutine may 
5 be retrieved (e.g., from a microcode trace cache, which may be implemented in a ROM in 
some embodiments). For example, a tag identified at 1401 may be sent to an address 
decoder for a microcode ROM that selects an addressed ROM entry. The microcode 
trace at the selected ROM entry may then be transferred out of the ROM. Various 
register name replacements may be made with the microcode trace dependent on the alias 
10 . table for that microcode subroutine. Note that in some embodiments, microcode 
operations may not be stored in traces. In such embodiments, after retrieving one 
operation from the microcode ROM, the tag may be incremented to identify the next 
microcode operation in the routine. 

15 [0132] At 1407, execution of a return operation included in the microcode subroutine 
pops the return address from the stack. This address may then be used to fetch the next 
operation or the next trace to be executed subsequent to completion of the microcode 
subroutine. 

20 Exemplary Computer Systems 

[0133] FIG. 15 shows a block diagram of one embodiment of a computer system 400 
that includes a microprocessor 100 coupled to a variety of system components through a 
bus bridge 402. Microprocessor 100 may include an embodiment of a dispatch unit 104, 
a trace cache 160, a microcode unit 150, and/or a trace cache generator 170 as described 

25 above. Other embodiments of a computer system are possible and contemplated, hi the 
depicted system, a main memory 200 is coupled to bus bridge 402 through a memory bus 
406, and a graphics controller 408 is coupled to bus bridge 402 through an AGP bus 410. 
Several PCI devices 412A-412B are coupled to bus bridge 402 through a PCI bus 414. A 
secondary bus bridge 416 may also be provided to accommodate an electrical interface to 

30 one or more EISA or ISA devices 418 through an EISA/ISA bus 420. In this example, 
microprocessor 100 is coupled to bus bridge 402 through a CPU bus 424 and to an 
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optional L2 cache 428. In some embodiments, the microprocessor 100 may include an 
integrated LI cache (not shown). 

[0134] Bus bridge 402 provides an interface between microprocessor 100, main, 
5 memory 404, graphics controller 408, and devices attached to PCI bus 414. When an 
operation is received from one of the devices connected to bus bridge 402, bus bridge 402 
identifies the target of the operation (e.g., a particular device or, in the case of PCI bus 
414, that the target is on PCI bus 414). Bus bridge 402 routes the operation to the 
targeted device. Bus bridge 402 generally translates an operation from the protocol used 
10 by the source device or bus to the protocol used by the target device or bus. 

[0135] In addition to providing an interface to an ISA/EISA bus for PCI bus 414, 
secondary bus bridge 416 may incorporate additional functionality. An input/output 
controller (not shown), either external from or integrated with secondary bus bridge 416, 

15 ■ may also be included within computer system 400 to provide operational support for a 
keyboard and mouse 422 and for various serial and parallel ports. An extemal cache unit 
(riot shown) may also be coupled to CPU bus 424 between microprocessor 100 and bus 
bridge 402 in other embodiments. Alternatively, the extemal cache may be coupled to 
bus bridge 402 and cache control logic for the extemal cache may be integrated into bus 

20 bridge 402. L2 cache 428 is shown in a backside configuration to microprocessor 100. It 
is noted that L2 cache 428 may be separate from microprocessor 100, integrated into a 
cartridge (e.g., slot 1 or slot A) with microprocessor 100, or even integrated onto a 
semiconductor substrate with microprocessor 100. 

25 [0136] Main memory 200 is a memory in which application programs are stored and 
from which microprocessor 100 primarily executes. A suitable main memory 200 may 
include DRAM (Dynamic Random Access Memory). For example, a plurality of banks 
of SDRAM (Synchronous DRAM) or Rambus DRAM (RDRAM) may be suitable. 

30 [01 37] PCI devices 41 2 A-^41 2B are illustrative of a variety of peripheral devices such 
as network interface cards, video accelerators, audio cards, hard or floppy disk drives or 
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drive controllers, SCSI (Small Computer Systems Interface) adapters and telephony 
cards. Similarly, ISA device 418 is illustrative of various types of peripheral devices^ 
such as a modem, a sound card, and a variety of data acquisition cards such as GPIB or 
field bus interface cards. 

5 . 

[0138] Graphics controller 408 is provided to control the rendering of text and images 
on a display 426. Graphics controller 408 may embody a typical graphics accelerator 
generally known in the art to render three-dimensional data structures that can be 
effectively shifted into and from main mernory 200. Graphics controller 408 may 

10 therefore be a master of AGP bus 410 in that it caii request and receive access to a target 
interface within bus bridge 402 to thereby obtain access to main memory 200. A 
dedicated graphics bus accommodates rapid retrieval of data from main mernory 404. 
For certain operations, graphics controller 408 may fiirther be configured to generate PCI 
protocol transactions on AGP bus 410. The AGP interface of bus bridge 402 may thus 

15 include functionality to support both AGP protocol transactions as well as PCI protocol 
'target and initiator transactions. Display 426 is any electronic display upon which an 
image or text can be presented. A suitable display 426 includes a cathode ray tube 
("CRT"), a liquid crystal display ("LCD"), etc. 

20 [0139] It is noted that, while the AGP, PCI, and ISA or EISA buses have been used 
as examples in the above description, any bus architectures may be substituted as desired. 
It is further noted that computer system 400 may be a multiprocessing computer system 
including additional microprocessors (e.g., microprocessor 100a shown as an optional 
component of computer system 400). Microprocessor 100a may be similar to 

25 microprocessor 100. More particularly, microprocessor 100a may be an identical copy of 
microprocessor 100 in one embodiment. Microprocessor 100a may be connected to bus 
bridge 402 via an independent bus (as shown in FIG. 1 5) oi; may share CPU bus 224 with 
processor 100. Furthermore, microprocessor 100a may be coupled to an optional L2 
cache 428a similar to L2 cache 428. 

30 



Atty. Dkt. No.: 5500-79600 



Page 46 



Meyertons, Hood, Kivlin, Kowert & Goetzel, P.C. 



[0140] Turning now to FIG. 16, another embodiment of a computer system 400 that 
may include a dispatch unit 104, a trace cache 160, a microcode unit 150, and/or a trace 
cache generator 170 as described above is shown. Other embodiments are possible and 
contemplated. In the embodiment of FIG. 16, computer system 400 includes several 
5 processing nodes 612A, 612B, 612C, and 61 2D. Each processing node is coupled to a 
respective memory 614A-614D via a memory controller 616A-616D included within 
each respective processing node 612A-612D. Additionally, processing nodes 612A- 
61 2D include interface logic used to communicate between the processing nodes 612A- 
61 2D. For example, processing node 612A includes interface logic 618A for 

1 0 communicating with processing node 6 1 2B, interface logic 6 1 8B for communicating with 
processing node 612C, and a third interface logic 618C for communicating with yet 
another processing node (not shown). Similarly, processing node 612B includes interface 
logic 61 8D, 618E, and 618F; processing node 612C includes interface logic 61 8G, 618H, 
and 6181; and processing node 61 2D includes interface logic 61 8 J, 618K, and 618L. 

15 Processing node 61 2D is coupled to communicate with a plurality of input/output devices 
(e:g., devices 620A-620B in a daisy chain configuration) via interface logic 618L. Other 
processing nodes may communicate with other I/O devices in a similar fashion. 

[0141] Processing nodes 6i2A-612D implement a paclcet-based link for inter- 
20 processing node communication. In the present embodiment, the link is implemented as 
sets of unidirectional lines (e.g., lines 624A are used to transmit packets from processing 
node 612A to processing node 612B and lines 624B are used to transmit packets from 
processing node 61 2B to processing node 612A). Other sets of lines 624C-624H are used 
to transmit packets between other processing nodes as illustrated in FIG. 16. Generally, 
25 each set of lines 624 may include one or more data lines, one or more clock lines 
corresponding to the data lines, and one or more control lines indicating the type of 
packet being conveyed. The link may be operated in a cache coherent fashion for 
communication between processing nodes or in a non-coherent fashion for 
communication between a processing node and an I/O device (or a bus bridge to an I/O 
30 bus of conventional construction such as the PCI bus or ISA bus). Furthermore, the link 
may be operated in a non-coherent fashion using a daisy-chain structure between I/O 
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devices as shown. It is noted that a packet to be transmitted from one processing node to 
another may pass through one or more intermediate nodes. For example, a packet 
transmitted by processing node 612A to processing node 61 2D may pass through either 
processing node 612B or processing node 612C as shown in FIG. 16. Any suitable 
5 routing algorithm may be used. Other embodiments of computer system 400 may include 
more or fewer processing nodes then the embodiment shown in FIG. 16. 

[0142] Generally, the packets may be transmitted as one or more bit times on the 
lines 624 between nodes. A bit time may be the rising or falling edge of the clock signal 
10 on the corresponding clock lines. The packets may include command packets for 
initiating transactions, probe packets for maintaining cache coherency, and response 
packets from responding to probes and conmiands. 

[0143] Processing nodes 612A-612D, in addition to a memory controller and 
15 interface logic, may include one or more microprocessors. Broadly speaking, a 
processing node includes at least one microprocessor and may optionally include a 
memory controller for communicating with a memory and other logic as desired. More 
particularly, each processing node 612A-612D may include one or more copies of 
microprocessor 100. External interface unit 18 may includes the interface logic 618' 
20 within the node, as well as the memory controller 616. 

[0144] Memories 614A-614D may include any suitable memory devices. For 
example, a memory 6r4A-614D may include one or more RAMBUS DRAMs 
(RDRAMs), synchronous DRAMs (SDRAMs), static RAM, etc. The address space of 

25 computer system 400 is divided among memories 614A-614D. Each processing node 
612A-612D may include a memory map used to determine which addresses are mapped 
to which memories 614A-614D, and hence to which processing node 612A-612D a 
memory request for a particular address should be routed. In one embodiment, the 
coherency point for an address within computer system 400 is the memory controller 

30 616A-616D coupled to the memory storing bytes corresponding to the address. In other 
words, the memory controller 616A-616D is responsible for ensuring that each memory 
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access to the corresponding memory 614A-614D occurs in a cache coherent fashion. 
Memory controllers 616A-616D may include control circuitry for interfacing to 
memories 614A-614D. Additionally, memory controllers 616A-616D may include 
request queues for queuing memory requests. 

5 " ■ 

[0145] Interface logic 618A-618L may include a variety of buffers for receiving 
packets froin the link and for buffering packets fo be transmitted upon the link. 
Computer system 400 may employ any suitable flow control mechanism for transmitting 
packets. For example, in one embodiment, each interface logic 618 stores a count of the 

10 number of each type of buffer within the receiver at the other end of the link to which that 
interface logic is connected. The interface logic does not transmit a packet unless the 
receiving interface logic has a free buffer to store the packet. As a receiving buffer is 
freed by routing a packet onward, the receiving interface logic transmits a message to the 
sending interface logic to indicate that the buffer has been freed. Such a mechanism may 

15 be referred to as a "coupon-based" system. 

[0146] I/O devices 620A-620B may be any suitable I/O devices. For example, I/O 
devices 620A-620B may include devices for communicate with another computer system 
to which the devices may be coupled (e.g., network interface cards or modems). 
20 Furthermore, I/O devices 620A-620B may include video accelerators, audio cards, hard 
or floppy disk drives or drive controllers, SCSI (Small Computer Systems Interface) 
adapters and telephony cards, sound cards, and a variety of data acquisition cards such as 
GPIB or field bus interface cards. It is noted that the term "I/O device" and the term 
"peripheral device" are intended to be synonynious herein. 

25 

[0147] As used herein, the terms "clock cycle" or "cycle" refer to an interval of time 
in which the various stages of the instruction processing pipelines complete their tasks. 
Instructions and computed values are captured by memory elements (such as registers or 
arrays) according to a clock signal defining the clock cycle. For example, a memory 
30 element may capture a value according to the rising or falling edge of the clock signal. 
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[0148] Numerous variations and modifications will become apparent to those skilled 
in the art once the above disclosure is fully appreciated. It is intended that the following 
claims be interpreted to embrace all such variations and modifications. 
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